Abstract Recent advances in sequencing methods have transformed the field of microbial ecology, making it possible to determine the composition and functional capabilities of uncultured microorganisms. These technologies have been instrumental in the recognition that resident microorganisms can have profound effects on the phenotype and fitness of their animal hosts by modulating the animal signaling networks that regulate growth, development, behavior, etc.
Introduction
Insect-plant interactions are a major focus in the field of chemical ecology. Some of the most important decisions made by plant-associated insects (e.g., what to eat, where to mate or deposit eggs) are determined by plant chemistry. Commonly, these interactions are interpreted to occur strictly between the insect and plant, although it is recognized that they can be dynamic, including insect-induced changes in plant chemistry (Karban and Baldwin 1997) , and can be modified by interactions with other plant-associated organisms, including pathogenic microbes and nematodes and insect-vectored viruses (Ali et al. 2011; Hatcher 1995; Ingwell et al. 2012; Stout et al. 2006; Tack et al. 2012) . A central tenet of this powerful paradigm is that the chemically-mediated interaction between the insect and the plant is a major determinant of the fitness of the individual insect and the abundance and distribution of insect populations.
A second, long-standing focus of entomological research is insect-microbial interactions, especially the role of resident microorganisms in enabling insect utilization of nutritionally poor or unbalanced diets (Buchner 1965; Koch 1960; Moran 2007) . Although many such studies have concerned insects that feed on plant material, the research effort and literature on insect-microbial interactions have been conducted largely independently on the research community studying insect-plant interactions. Nevertheless, several authors have argued for integration of the two fields, explicitly proposing that these resident microorganisms act as go-betweens, or "biochemical brokers" that enable insects to exploit plants (Douglas 1992; Southwood 1985) . The chemical functions mediated by these microorganisms could include detoxification of plant allelochemicals, degradation of plant cell walls, and biosynthesis of nutrients that are essential for the insect but in short supply in the plant food (Douglas 2009) .
Recent advances in the life sciences have greatly enhanced the opportunity for integration between the fields of insect-plant interactions and insect-microbial interactions. In particular, understanding of the relationship between animals and microorganisms has changed fundamentally in the last 5-10 years, such that the concept of microbial brokers is fully congruent with the "new" mainstream of microbial ecology. In this review, I first address the technical and conceptual breakthroughs that are enabling the study of the microbiota of plant-feeding insects, and then I review current understanding of these microorganisms as brokers of insect-plant interactions.
Tools to Study the Microbiology of Plant-Associated Insects
Until recently, the greatest barrier to adopting the concept of microbial brokers in insect-plant interactions was technical. Most microorganisms in any environmental sample, including the resident microbial community in insects, are not readily cultured on standard microbiological media, and they are, consequently, not amenable to the traditional discipline of microbiology. Today, it is routine to catalog the composition and activities of complex microbial communities by cultivation-independent methods, making the concept of microbial brokers a readily testable hypothesis.
The field of microbial ecology has been transformed by high-throughput sequencing methods (Chaston and Douglas 2012; Zaneveld et al. 2011) . For example, the phylogenetic position of a bacterium can be determined from the sequence of its 16S rRNA gene, obtained from a DNA sample by PCR amplification; and the relative abundance of different bacterial taxa in an environmental sample can be derived by massivelyparallel sequencing of PCR-derived 16S amplicons using pyrosequencing or Illumina sequencing, with other technologies offering greater read lengths becoming available. However, the 16S rRNA gene is not a fully reliable predictor of bacterial functional traits because of lateral gene transfer and the bias for gene deletion in bacterial genomes. For example, bacteria with identical or near-identical 16S sequences may differ in their host range (Lerouge et al. 1990; Mandel et al. 2009; Nikoh et al. 2011) , and can vary between benign and highly pathogenic phenotypes (Lukjancenko et al. 2010; Rasko et al. 2008) . Insight into the functional potential of a single bacterium can be obtained by sequencing its genome, which is now a routine procedure that takes just a few weeks (Loman et al. 2012 ). In the same way, the genetic capacity for functions can be derived from sequencing the DNA of microbial communities (metagenomics), and the realized functional capacity obtained by sequencing the transcripts (metatranscriptomics) (Hess et al. 2011; Qin et al. 2010; Warnecke et al. 2007 ).
These high-throughput sequencing methods are best considered to provide a community level insight into microbial function. They have only a limited capacity to assign genes of interest to particular bacterial taxa, but generate hypotheses of taxonomic/functional relationships (Temperton and Giovannoni 2012) . These hypotheses are increasingly becoming testable through advanced microscopical methods. It has long been feasible to identify individual microbial cells by hybridization of fluorescently-labeled 16S rDNA or other sequences to cells in whole mounts or sectioned material (Amann et al. 1995) , and microscopical advances are increasingly enabling the gene expression profile and metabolic traits of individual microorganisms to be quantified in situ (Musat et al. 2012; Pernice et al. 2012) . Methods to sequence the genome or transcriptome of single cells are being developed, providing valuable complementary strategies to interrogate the functional capability of individual microbial cells (Lasken 2013; Pamp et al. 2012) .
The rich datasets and precise hypotheses that can now be obtained by culture-independent methods have generated the impetus to re-visit microbial cultivation technologies, especially to develop methods suitable for taxa that are adapted to lownutrient conditions or are nutritionally fastidious (Carini et al. 2013; Goodman et al. 2011; Singh et al. 2013) . Genome-based methods, such as metabolic modeling, can assist in identifying specific nutritional requirements, and have been used successfully to construct suitable culture media (Renesto et al. 2003) . Culture-independent and culture-dependent approaches are increasingly seen as complementary, and not alternative, tools to investigate microbial diversity and function.
From the perspective of the microbiology of plant-associated insects, the important point is that these approaches are not dependent on extensive prior genomic information about the specific insect species. Genomics is no longer restricted to a few model species, such as Drosophila melanogaster and Bombyx mori. The DNA from any insect can be sequenced and our capacity to interpret the sequence data is made ever easier by the exponentially-increasing sequence data deposited in the publicly-available databases. Genomics is now a democratic endeavor.
The New Biology of Resident Microbiota in Animals
The capacity to identify and analyze the function of uncultured microorganisms (see above) has precipitated large consortial initiatives to study the resident microorganisms in humans, e.g., The Human Microbiome Project (commonfund.nih.gov), MetaHIT (metahit.eu), and these initiatives have further accelerated the sequencing technologies and bioinformatics tools for analysis. They also have contributed to a profound change in our understanding of the relationship between animals and their resident microbiota. Throughout much of the twentieth century, microorganisms were divided into three categories: disease-causing pathogens, commensals with no discernible impact on host health or fitness, and beneficial mutualists. Most microorganisms associated with most animals were treated as commensals. Plant-feeding insects provided some classic examples of specialized mutualists, such as the cellulosedegrading protists in the paunch (proximal hindgut) of lower termites, the dedicated organs (bacteriomes) housing bacteria in many plant sap-feeding insects, and the fungi maintained in the nests of leaf-cutting Attinine ants (Buchner 1965) . These associations were considered as special cases, of significance only to the insect groups that bear them.
We now realize that many of the so-called commensal microorganisms that colonize animals are not commensal at all, but critically important to their animal host. Germ-free Drosophila display delayed development, altered nutrient allocation and metabolic rates, and depressed gut immunity (Ridley et al. 2012; Ryu et al. 2008; Storelli et al. 2011) ; and germ-free mice are profoundly altered in multiple physiological systems, including intestinal function and nutrition, the respiratory and vascular systems, immunity, and global metabolism (Smith et al. 2007 ). There is an emerging recognition that the health and fitness of animals has a microbial basis (McFall-Ngai et al. 2013) . Although the detail of the mechanisms are still unclear, it appears that the signaling networks that coordinate the growth, development, and maintenance of animals are structured to function in the context of interactions with the resident microbiota ( Fig. 1) . When the microorganisms are removed or their composition or activities dramatically altered, the signaling networks become dysfunctional, leading to depressed animal vigor and fitness. This condition is known as dysbiosis (Stecher et al. 2013) .
Most research on dysbiosis has focused on humans and laboratory mice, but there are clear indications that the phenomenon extends to insects. Specifically, a recent study of Shin et al. (2011) on Drosophila offers a vivid illustration of microbial modulation of animal signaling networks. The blood glucose level in Drosophila is regulated by insulinlike peptides, in a fashion comparable to the insulin hormone of mammals. Germ-free Drosophila display reduced expression of key insulin-like peptide genes (specifically, dilp-3 and dilp-5), and a consequent elevation of their blood glucose levels. The normal phenotype is rescued by just one member of the gut microbiota, Acetobacter pomorum. Shin et al. (2011) demonstrated that A. pomorum with a null mutation in one gene, coding for the enzyme pyrroloquinoline quinonedependent alcohol dehydrogenase (PQQ-ADH), display reduced expression of dilp-3/5 and elevated glucose levels. The conventional phenotype can be rescued by adding acetic acid to the diet, indicating that the bacterial-derived acetic acid increases the amplitude of insulin signaling in Drosophila.
In summary, it appears that the signaling networks that shape the function of animals, including insects, are not insulated from the influence of resident microorganisms. This condition may reflect the deep evolutionary history of associations with microorganisms, such that the signaling networks regulating animal function evolved in the context of pre-existing interactions with microorganisms (McFallNgai et al. 2013) .
The recognition of the microbial basis of animal health has profound implications for insect-plant interactions, including a clarification of the defining features of microbial brokers of insect-plant interactions. Some microorganisms associated with the insects may be of no material significance to the insect host, bearing in mind that every microbial taxon identified in an insect need not "have a function". Others may affect the fitness of the insect through their interactions with the insect regulatory networks, irrespective of the insect diet. Finally, there are the candidate microbial brokers: those microorganisms that may enable insect utilization of plant material by their capacity to synthesize nutrients in short supply in the ingested plant food, or to degrade plant cell wall material or plant toxins (Table 1) . Below, I review the evidence for microbial brokers.
Microorganisms that Provide Insects with Essential Nutrients
The insects are, as a group, metabolically impoverished. They share with other animals the inability to synthesize at least 9 protein-amino acids (the essential amino acids) and various co-factors required for the function of many metabolic enzymes (some vitamins). Insects and other arthropods additionally lack the capacity to synthesize sterols, which contribute to membrane architecture and are the basis for ecdysteroid hormones (Behmer and Nes 2003) . Most insects derive these essential nutrients from their diet, but some plant products are grossly deficient in these compounds. Fig. 1 The sensing and signaling networks that regulate animal response to external factors are modulated by chemical signals from resident microorganisms. For example, acetic acid released from Acetobacter bacteria in the Drosophila gut amplifies Drosophila insulin signaling (see text), the levels of biologically-active dopamine and serotonin in the mouse gut are microbiota-dependent (Asano et al. 2012) , and plant growth can be stimulated by the release of plant auxin hormones from rhizosphere bacteria (Lugtenberg and Kamilova 2009) The most persuasive evidence for microbial brokers contributing to the synthesis of essential nutrients relates to insects feeding on plant (phloem or xylem) sap. The capacity to utilize plant sap through the life cycle has evolved multiple times within the order Hemiptera, but apparently in no other animal (Douglas 2003) . Most of the nitrogen in plant sap is in the form of free amino acids (phloem sap additionally contains peptides and proteins, but these compounds generally account for a small proportion of the total nitrogen). Although phloem sap and xylem sap differ in their total concentration of amino acids (50-800 mM and 0.5-3 mM amino acids, respectively), they share the common property of a grossly unbalanced amino acid composition, containing less than 20 % essential amino acids (Brodbeck et al. 1993; Christensen and Fogel 2011; Douglas 2003) . Budget analysis revealed that the observed increase in the protein content of the final instar pea aphid Acyrthosiphon pisum could not be supported by the essential amino acids ingested from in the host plant Vicia faba (Akman Gunduz and Douglas 2009).
All Hemipterans that feed on plant sap through the life cycle bear large populations of specific microorganisms that are restricted to a specific location in the insect body (Buchner 1965) . Although the details of the anatomical location and the identity of the microorganisms vary among the hemipteran groups, most associations involve specialized insect cells called bacteriocytes that house and maintain the microorganisms. The anatomical organization of bacteriocytes varies, including a single aggregation of cells in the body cavity (e.g., in aphids and whiteflies) or paired structures associated with the lateral wall of the abdomen (in leafhoppers and cicadas) (Buchner 1965) . Alternative structural arrangements include the localization of bacteria to the distal midgut of plataspid stinkbugs and of yeasts to the fat body of some planthoppers (Dong et al. 2011; Nikoh et al. 2011) . These microorganisms are vertically transmitted, usually via the female ovaries, such that the cytoplasm of each egg bears a maternal inoculum of symbionts at oviposition; gut symbionts are deposited externally, and acquired by the feeding offspring (Buchner 1965) .
There is overwhelming evidence that the microbial symbionts provide the insect with essential amino acids, supplementing the plant sap. The evidence is genomic, dietary, and physiological. The genomes of many of these bacteria are very small (<1 Mb) and have a much reduced gene content relative to free-living bacteria (McCutcheon and Moran 2012) . Despite the loss of many metabolic capabilities, these bacteria have retained genetic capacity for essential amino acid synthesis (McCutcheon et al. 2009a, b; McCutcheon and Moran 2010; Nikoh et al. 2011; Shigenobu et al. 2000; Sloan and Moran 2012) . The dietary and physiological evidence comes almost entirely from research on aphids, simply because these insects can readily be maintained on chemically-defined diets. Unlike animals, generally, aphids do not have a dietary requirement for all the essential amino acids (Fig. 2a) , and they can synthesize essential amino acids from dietary sucrose, aspartate, and glutamate; and when the bacteria are eliminated by antibiotic treatment, these capabilities are lost (Douglas et al. 2001; Febvay et al. 1999) . Confirming the interpretation of these data that the bacterial endosymbiont Buchnera provides essential amino acids, metabolically-active Buchnera cells isolated from the association release essential amino acids at appreciable rates (Fig. 2b ).
An alternative route by which microorganisms can act as brokers in relation to nitrogen nutrition is by the fixation of atmospheric nitrogen. This capability is of the greatest potential value to an insect feeding on low total nitrogen content, such as sound wood, which contains <0.1 % nitrogen. There is persuasive evidence for bacterial nitrogen fixation in some termites (Ohkuma et al. 1999) . Bacteria with a predicted capacity for nitrogen fixation or nitrogen-fixation genes have been identified in some analyses preparations of gut contents, for example in ants, the Hessian fly and tephritid flies (Aharon et al. 2013; Bansal et al. 2011; Russell et al. 2009 ). We should, Adams et al. (2013) however, be cautious in interpreting these data for several reasons. First, nitrogen fixation genes are not universally detected in bacteria associated with phytophagous insects. For example, the metagenome study of Shi et al. (2013) detected nitrogenase genes only in the gut contents of a termite Nasutitermes sp., and not the grasshopper Acrida cinerea or cutworm Agrotis ipsilon, despite deep sequence coverage. Second, the detection of the genetic capacity for nitrogen fixation is not sufficient evidence for nitrogen fixation. Gene expression is tightly regulated (for example, nitrogen fixation genes are repressed in the presence of combined nitrogen sources in most bacteria), and nitrogenase enzyme activity is irreversibly inhibited by molecular oxygen prevailing in the gut lumen of many insects. Finally, nitrogen fixation is advantageous to the insect only where the rates are substantial, requiring the nitrogen-fixing bacteria to represent at least 1-10 % the total microbiota. As a reminder, nitrogen-fixing bacteria and genes are routinely detected in the human microbiome, but they are not abundant, and there is no suggestion that they contribute to the human nitrogen economy (Human Microbiome Project 2012). One intriguing instance of bacterial nitrogen fixation in an insect on a less extreme diet than wood products relates to the fruit-feeding tephritid fly Ceratitis capitatis, with nitrogen-fixing forms contributing an estimated 8 % of the culturable bacteria and readily detectable nitrogen fixation rates, as quantified by the acetylene reduction assay (Behar et al. 2005) .
Microorganisms associated with insects can act as brokers of plant utilization through additional biosynthetic capabilities, especially in relation to vitamin and sterol synthesis. Classic dietary studies revealed that elimination of the symbiotic microorganisms results in a dietary requirement for one or several B vitamins in planthoppers, stored product beetles, e.g., Oryzaephilus and Sitophilus species, xylophagous anobiid beetles [reviewed by Douglas (1989) ]. Despite recent studies providing dietary and genomic evidence that several bacterial symbionts of small genome size have retained the pathways for the synthesis of some vitamins (McCutcheon and Moran 2007; Nakabachi and Ishikawa 1999) , vitamin transfer from bacteria to the insect has not been demonstrated directly.
Only eukaryotic microorganisms can act as brokers of the sterol nutrition of plant-feeding insects because bacteria lack the capacity for sterol synthesis. Living plant tissue contains sterols. Although definitive sterol budget analyses of phytophagous insects remain to be conducted, there is a general consensus that plant sterol content is quantitatively sufficient for insect growth. The sterol mismatch between plants and most insects is that plants contain a diverse array of sterols, and the sterol metabolism of most insects is founded on a single sterol, cholesterol that is generally barely detectable in plant tissues. This mismatch is resolved by the intrinsic metabolic capabilities of the insect to convert the phytosterols to cholesterol (Behmer and Nes 2003) . Fungal symbionts capable of sterol synthesis likely are crucially important to some xylophagous beetles, such as the ambrosia beetle Xyleborus ferrugineus (Norris et al. 1969) and to stored product insects because these substrates commonly contain Fig. 2 The symbiotic bacterium Buchnera aphidicola as a source of essential amino acids in the pea aphid Acyrthosiphon pisum. a. Relative growth rates of larval aphids that are symbiotic (untreated, bearing Buchnera bacteria) and aposymbiotic (experimentally deprived of Buchnera) on chemically-defined diets containing all 10 essential amino acids (*) or lacking one amino acid (F phenylalanine, H histidine, I isoleucine, K lysine, L leucine, M methionine, R arginine, T threonine, V valine, W tryptophan). The dashed diagonal is the line of equivalent growth rates [E. Gunduz and A. E. Douglas, unpub data: methods exactly as in Douglas et al. (2001) ]. (b) Buchnera cells isolated from the aphids continue to release some essential amino acids into the medium [C W Russell and A E Douglas, unpub data. Buchnera preparations were obtained from dissected pea aphid bacteriocytes as described in MacDonald et al. (2012) and resuspended in reaction medium comprising 28 mM glucose, 8.6 mM NaCl, 1 mM MgSO 4 , 1 mM glutamate, 1 mM glutamine, 1 mM serine, 1 mM aspartate, 0.1 mM CaCl 2 , 0.25 M sucrose, 50 mM NaH 2 PO 4 , 13 mM K 2 H 2 PO 4 , pH 7.5 at a density 4×10 8 cells ml
. Timecourse reactions were stopped by centrifugation at 1,000 g for 70 sec, and the supernatant was immediately flash-frozen in liquid nitrogen and stored at −80°C. The phenylalanine content of the supernatant was quantified using the AccQ Tag derivatization kit (Waters) by UPLC with PDA detector (Waters Acquity), as described in MacDonald et al. (2012)] barely detectable sterols. In particular, the elegant experiments of Pant and Fraenkel (1954) demonstrated a strong dietary requirement for sterols when the fungal symbionts were eliminated from the stored product beetles Lasioderma serriconeand Sitophilus paniceum (=Stegobium paniceum). However, the relationship between symbiotic sources of sterols and low sterol content of the insect diet is not consistent. Contrary to the expectation that fungal symbionts are an important source of sterols for xylophagous insects, sterol analysis of the wood wasp Sirex noctilio suggests that this xylophage derives its sterols from the diet and not the fungal symbiont (Thompson et al. 2013) . Also, there is persuasive evidence that the yeast-like symbionts provide sterols to the phloem-feeding planthoppers (Noda and Koizumi 2003) , even though plant phloem sap is a sufficient source of sterols for other phloem-feeding insects with bacterial symbionts (Behmer et al. 2011 ). These results indicate that it would be premature to draw general conclusions linking microbial brokers of insect sterol nutrition to diet.
Microorganisms that Degrade Plant Cell Walls
Plant cell walls comprise a diverse mix of polysaccharides, dominated by cellulose and hemicellulose, which are embedded in a pectin matrix (Palin and Geitmann 2012; Pettolino et al. 2012 ). In secondary cell walls, the polysaccharides are further covalently linked by ester and ether linkages to the aromatic polymer, lignin, to form the structurally robust and chemically resistant lignocellulose. The difficulty in depolymerizing the lignin and extracting soluble carbohydrate from this recalcitrant structure is illustrated by the biofuel industry's urgent need for novel strategies to extract energy from plant biomass (Pauly and Keegstra 2010 ). Yet, various animals extract energy from plant cell walls, including lignocellulose, without the intervention of extreme temperature or pressure. The biological degradation of plant cell wall material is mediated by a battery of hydrolytic enzymes, including three classes of cellulases (endo-β-1,4-glucanases, exo-β-1,4-glucanases, and β-glucanases), xylanases that break down hemicellulose, ligninases (principally a laccase activity and peroxidase activity), pectinases, and pectin methylesterases, and multiple of other hydrolases and esterases with diverse specificities for different substituted carbohydrates (Calderon-Cortes et al. 2012; Gilbert 2010) Vertebrate herbivory is dependent on the complementary functions of the animal and members of its gut microbiota: the teeth, gizzard etc. of the animal mediate mechanical disruption, making the polysaccharides available to enzymes of various gut bacteria that catalyze the chemical degradation of the cellulose, hemicellulose, etc. The enzymatic reactions take place slowly, and foregut or hindgut regions of vertebrate herbivores are modified to form large fermentation chambers in which the plant polysaccharides are transformed into sugars, and then fermented to short chain fatty acids that are released to the host. The bacteria are microbial brokers of vertebrate utilization of plant material, with vertebrates as a group lacking the enzymatic capacity for cellulose degradation.
The contribution of microorganisms to the utilization of plant products is more variable in insects than in vertebrates ( Table 2 ). The concept of microbial brokers is fully relevant to many insects feeding on sound wood and other plant products with a high lignocellulose content, but less important for insects feeding on living plant material, which includes appreciable amounts of soluble carbohydrates and proteins (in the plant cell contents) and often little or no lignin.
A major contributory factor to the independence of many plant-feeding insects from microbial degradation of plant cell walls is that the genomes of many insects, unlike vertebrates, code for glucosyl hydrolases with predicted capacity to degrade cellulose and other plant cell wall polysaccharides. In various insects that feed on plant material, including Orthoptera, Lepidoptera, Coleoptera, and Isoptera (termites), these genes are expressed in the midgut, and their biochemical activity against complex carbohydrates, including cellulose, has been demonstrated (Calderon-Cortes et al. 2012; Oppert et al. 2010) .
Compounding this general capacity of insects to degrade complex carbohydrates, the very alkaline midgut (pH 10-12) of some herbivorous insects, notably the Lepidoptera, facilitates the solubilization of plant carbohydrates and proteins, thus further promoting nutrient extraction (Berenbaum 1980) . Nevertheless, two functional groups of plant cell walldegrading enzymes appear to be lacking from insects: the exo-1,4-β-glucanases (cellobiohydrolases) and ligninases, which facilitate the breakdown of material with a high lignin content and crystalline cellulose content. Bacteria and eukaryotic microorganisms possess these enzymatic functions (Bugg et al. 2011) . Microbial capacity for cellulose degradation is exploited by various insects feeding on sound wood and other products with high lignocellulose content, but the evidence for lignin degradation by the gut microbiota in these insects is equivocal (Bugg et al. 2011) .
The best studied microbial brokers are the cellulolytic protists in lower termites, with accumulating evidence that bacteria contribute to cellulose degradation in higher termites (which lack protists) and some other insects, including scarab beetles and the Thysanura (Calderon-Cortes et al. 2012; Watanabe and Tokuda 2010) . As in vertebrates, the microorganisms in many insects are housed in a fermentation chamber, almost invariably an expanded portion of the hindgut. Consequently, the plant cell wall material delivered to the microbiota is the residue that is recalcitrant to the enzymatic activities of the digestive enzymes in the insect midgut.
Some insects have been proposed as exploiting the enzymatic capabilities of external microorganisms: the insects feed on microbial cells, which are disrupted in the insect gut, releasing active enzymes that contribute to the digestion of complex plant material. This process has been demonstrated in fungus-growing termites of the subfamily Macrotermitinae (Abo-Khatwa 1978; Martin and Martin 1978) , but the quantitative importance of ingested enzymes in the degradation of plant material has been questioned (Slaytor 1992) , and remains uncertain.
Do Microorganisms Associated with Insects Detoxify Plant Allelochemicals?
Many secondary metabolites in plants function as defensive compounds that are toxic to insects or deter feeding. These compounds are important chemical determinants of insectplant interactions. The capacity of insects to transform them to harmless products is an important determinant of the plant range of many phytophagous insects, and has played a crucial role in the evolutionary diversification of various insect groups (Herrera and Pellmyr 2002; Schoonhoven et al. 2005) .
Repeatedly, the detoxification of plant allelochemicals has been attributed to microorganisms associated with insects. The authority for these statements is often a mis-cited review article, or a review that has mis-cited the previous literature. The primary literature provides ample evidence for insect-mediated detoxification, involving cytochrome P450 monooxygenases, glutathione S-transferases, and esterases (Despres et al. 2007 ), but only the most slender evidence for microbial degradation of plant allelochemicals. Nevertheless, two recent publications offer tantalizing evidence for a microbial role. The first study concerns the leaf-cutting ant Acromyrmex echinatior, which maintains and feeds on the symbiotic fungus Leucocoprinus gongylophorus in its nest. De Fine Licht et al. (2013) have shown that enzymatically-active laccase enzyme is passed through the gut of ants feeding on the fungus and released onto plant material, where it can degrade plant compounds, such as tannins and flavonoids. In the second study, Adams et al. (2013) demonstrated that the gut microbiota of the mountain pine beetle Dendroctonus ponderosae include bacteria of the genera Pseudomonas, Serratia, Rahnella, and Burkholderia that bear genes involved in the degradation of terpenes, the principal defensive compounds of the trees infested by these beetles.
The balance of current evidence would suggest that these two systems may be unusual, with intrinsic detoxification as the norm in plant-feeding insects, but our knowledge of the microbiota of insects is in its infancy. With the availability of high-throughput sequencing methods and ever-improving algorithms and databases for the analysis of sequence data, the scientific community has a unique opportunity to interrogate the detoxification capacity of microorganisms associated with insects, and relate these data to the plant utilization traits of their hosts.
Concluding Comments
Is the concept of microbial brokers useful for the study of insect-plant interactions? I believe that it is valuable as a testable hypothesis. As considered in this article, resident microorganisms play a central role in insect utilization of diets of exceptionally low and unbalanced nutrient contents. This has been demonstrated, in particular, for insects that feed on plant sap or sound wood through the life cycle. For these systems, important unresolved issues include whether natural variation in the composition or activities of the microbiota influence diet choice (including plant range) and fitness of the individual insect, potentially with far-reaching ecological consequences.
In many insects, however, the role of microorganisms as brokers of insect utilization of plants remains as a hypothesis.
Without doubt, the techniques now available to study microorganisms will facilitate the testing of this hypothesis. For some systems, the data may prove to be complex, with variation in the relative importance of intrinsic and microbial processes according to the diet, developmental age, genotype, and species of the insect. For example, acridid grasshoppers have been estimated to degrade up to 60 % of ingested plant cell wall material (Cazemir et al. 1997 ): both insect carbohydrases expressed in the midgut and enzymes of bacteria, predominantly γ-proteobacteria, in the hindgut, are likely to contribute to the breakdown of the plant material, and it is extremely unlikely that the relative importance of the two contributors is fixed in either ecological or evolutionary time.
The inclusion of microbial ecology in the study of insectplant interactions offers great opportunity, but there are two potential pitfalls. The first misconception is conceptual, that resident microorganisms "must have a function", i.e., they are expected to influence the phenotype of the insect host. Some microorganisms may exploit the insect habitat with minimal effects on insect traits or fitness, even if they have genetic capabilities potentially valuable to the insect. It is important to test for function through analysis of microbial activities in the insect and the insect response to elimination of the microorganism. This leads directly to the second pitfall: interpretation of all microbiota-dependent traits as adaptations to plant utilization. As considered in this article, it is becoming increasingly realized that many fundamental aspects of animal function are microbe-dependent, as a consequence of the deep evolutionary history of animalmicrobial relations (Mcfall-Ngai et al. 2013) . The role of resident microorganisms as brokers in the interactions between insects and plants overlays their much deeper role as brokers of the function of all animals, including insects.
